1. Introduction {#sec0085}
===============

The hippocampus is critical for episodic memory in adults (e.g., [@bib0005], [@bib0040], [@bib0065], [@bib0090], [@bib0225], [@bib0260], [@bib0340]; see [@bib0290] for review). Developmental changes in hippocampal structure and function have been shown to be related to improvement in episodic memory in school-aged children and adolescents (e.g., [@bib0070], [@bib0075], [@bib0140], [@bib0185], [@bib0190]; see [@bib0135] for review). Overall, these studies suggest positive correlations exist between hippocampal volume and delayed recall and that changes in hippocampal function (as measured by task-based fMRI) contribute to age-related improvements in episodic memory. However, relatively little is known about how the hippocampus is related to memory development earlier in life. This gap is particularly unfortunate since behavioral studies have consistently identified early childhood (4--6 years) as a time of rapid improvement in episodic memory (e.g.,. [@bib0015]; [@bib0080]; [@bib0280], [@bib0240]). Theoretical arguments have been made proposing how developmental changes in the hippocampus may be related to the development of episodic memory ability during early childhood (e.g., [@bib0150], [@bib0175], [@bib0235], [@bib0265]), however, this association has not been empirically examined in human children. This gap is likely due to the multiple challenges associated with acquiring functional neuroimaging measures in young children. To overcome these challenges and address this gap in the literature, the present research examined relations between resting-state functional connectivity and behavioral measures of episodic memory ability assessed outside the scanner in 4- and 6-year-old children.

1.1. Episodic memory development during early childhood {#sec0005}
-------------------------------------------------------

Behavioral studies examining development of episodic memory in children collectively suggest that early childhood is an important time of change. Specifically, several studies suggest that the ability to recall contextual details associated with events shows striking improvement between 4 and 6 years of age (e.g., [@bib0015], [@bib0080], [@bib0280], for review see [@bib0235]). For instance, a recent longitudinal study examined rates of change in 4- to 10-year-old children\'s ability to recall both individual items (i.e., novel facts, such as bananas grow in bunches called hands) and contextual details associated with these items (i.e., from whom the fact was learned, a puppet or experimenter) across a 1-week delay ([@bib0240]). Results revealed that whereas memory for items increased linearly between 4 and 10 years of age, memory for contextual details associated with these items showed accelerated change between 5 and 7 years of age.

Such empirical findings from controlled laboratory-based studies fit well with reports of children\'s ability to recall events from their own lives (i.e., autobiographical memories). For example, another longitudinal investigation examined 4- to 13-year-old children\'s ability to recall their earliest memories across a 2-year period ([@bib0195]). Results indicated minimal consistency in the memories reported in 4- to 6-year-old children (either in the specific events recalled or the details of these events), but that consistency increased dramatically after this period. Based on these findings, the authors argued memories in early childhood are particularly fragile and especially prone to forgetting (see [@bib0010] for similar argument). However, the role of the hippocampus and associated networks in these changes remain relatively unstudied.

1.2. Hippocampal development during early childhood {#sec0010}
---------------------------------------------------

Based on the known importance of the hippocampus for episodic memory in adults, it has been proposed that changes in hippocampal function during early childhood are related to observed improvements in episodic memory ([@bib0150], [@bib0175], [@bib0235], [@bib0265]). Neuroanatomical data from non-human primates suggest that developmental changes in synaptic connectivity within the hippocampus continue throughout early childhood (i.e., until 5--7 years of age, [@bib0155], [@bib0175], [@bib0265]). Because circuitry in the dentate gyrus is critical for adult-like memory formation, its protracted developmental profile suggests that adult-like memory formation in humans may not be expected until the end of early childhood ([@bib0265]). Protracted development of the hippocampus may account for behavioral memory phenomena such as poor recall of contextual details in younger compared to older children and infantile or childhood amnesia (i.e., adults' inability to recall autobiographical memories from very early in life).

To date, only one previous study has examined relations between hippocampal structure and episodic memory in early childhood ([@bib0250]). In this study, associations between episodic memory and volume of subregions (head, body, tail) of the hippocampus were examined in 4- and 6-year-old children. Results revealed significant positive relations between episodic memory and volume of anterior regions of the hippocampus in both the left and right hemispheres for 6- but not 4-year-old children. These results suggested not only that relations between the hippocampus and episodic memory show significant developmental differences during early childhood, but they may be specific to certain subregions. These findings are consistent with results from fMRI studies in school-aged children (i.e., 8 years of age and older) that also suggest that changes in anterior hippocampal regions may be particularly relevant for episodic memory development ([@bib0140]; [@bib0355]; [@bib0360]). However, relations between hippocampal *function* and memory behavior in early childhood (i.e., 3--6 years) were not addressed. Acquiring data addressing hippocampal function in children this young is challenging as typical task-based methods require children to remain motionless in the scanner while performing challenging memory tasks and likely accounts for why this question has not been explored previously.

1.3. Hippocampal functional connectivity at rest {#sec0015}
------------------------------------------------

One method that can be utilized to overcome the challenge of acquiring functional neuroimaging data from young children is task-free or resting-state functional connectivity MRI (rs-fcMRI). Previous research in adults has demonstrated that correlated patterns of intrinsic, spontaneous, low-frequency oscillations in brain activity can be detected in the absence of a specific task ([@bib0030], [@bib0115]). These patterns, referred to as resting-state networks, are organized in functionally-relevant ways, as regions of these networks are typically co-activated during tasks designed to elicit distinct cognitive, social, or perceptual processes ([@bib0285]). The ability to identify brain networks independent of a task offers a significant advantage in the study of brain organization in development, particularly in young children, because the cognitive burden of performing a task while remaining motionless is eliminated ([@bib0045], [@bib0300], for empirical examples see [@bib0095], [@bib0105], [@bib0125]). Moreover, use of rs-fcMRI has some particular advantages over traditional task-based approaches in that it (1) shifts focus to development of the entire network supporting memory and (2) results are independent of task-specific cognitive demands.

In adults, rs-fcMRI maps have been shown to reveal the full distribution of memory-related regions, as they coincide with regions showing activation across a variety of task-based memory studies ([@bib0310]). Specifically, rs-fcMRI maps show robust correlations between BOLD signal in the hippocampus and several parietal regions (including precuneus, posterior cingulate, retrosplenial cortex, and bilateral inferior parietal lobule) as well as medial prefrontal regions. These regions are also often identified as the Default Mode Network (DMN), a network of regions that is preferentially active when individuals are not focused on tasks that demand external attention (e.g., when individuals are remembering past events, envisioning future events, or considering the perspectives of others, [@bib0035], [@bib0215]). In addition, this network has been shown to be spatially distinct from other networks identified by different seed regions, such as the motion-sensitive MT complex ([@bib0310]). Finally, specialization has also been shown along the longitudinal axis of the hippocampus, as functional connectivity maps differ between anterior and posterior hippocampal seed regions ([@bib0170], [@bib0205]). Together, these studies report greater connectivity between the anterior hippocampus and lateral temporal regions (including the temporal poles), and greater connectivity between the posterior hippocampus and multiple regions including, frontal, parietal, posterior cingulate, and retrosplenial cortices. In addition, these rs-fcMRI studies suggest greater involvement of *posterior* regions of the hippocampus in episodic memory in adults, given its connectivity with multiple cortical areas known for their role in memory (e.g., frontal and parietal cortices).

Inter-subject variability in hippocampal network connectivity in adults has been shown to be related to variability in performance on episodic memory tasks. Specifically, connectivity between hippocampi during rest has been shown to predict adults' performance during free recall ([@bib0315]). Similarly, connectivity between the hippocampus and posterior cingulate and precuneus has been shown to predict adults' performance on recollection tasks (whereas other cognitive tasks such as executive function or speed of processing did not; [@bib0320]). Finally, these predictive associations have been shown to extend to atypical populations as well. For example, [@bib0255] demonstrated that differences in hippocampal functional connectivity arise even before memory is impaired at the behavioral level, suggesting they are causal, not consequential. Due to these associations with memory ability and the focus on memory in this paper, we will refer to this functional brain network as the "anterior/posterior hippocampal memory network;" however, we acknowledge that the hippocampus is involved in many behaviors in addition to memory (e.g., spatial navigation, emotion regulation, etc.).

Despite substantial reorganization of functional connectivity across development, several large-scale network properties appear to be preserved across the lifespan, suggesting that functional brain networks, even in children, are organized in manners similar to other complex systems (e.g., [@bib0365]; [@bib0295]). Previous research has established the presence and utility of resting-state functional connectivity early in development (e.g., [@bib0230], [@bib0300]). In particular, findings from rs-fcMRI studies have added valuable knowledge regarding functional segregation and integration across short and long-range connections spanning the entire brain and have revealed important principles of functional brain development, including a shift from diffuse to focal activation patterns, and simultaneous pruning of local connectivity and strengthening of long-range connectivity with age (see [@bib0160], [@bib0295], [@bib0300]; for theoretical argument; [@bib0100] for empirical example in humans, and [@bib0325] for empirical example in non-human primates). Although no developmental study has examined the relation between resting-state functional connectivity and episodic memory, this link has recently been established within other cognitive domains. For example, in school age-children, functional connectivity between distinct frontal and parietal regions has been shown to selectively predict math performance and connectivity between ventral-prefrontal cortex and fusiform gyrus has been shown to selectively predict performance on a face-matching task ([@bib0095]).

1.4. Present study {#sec0020}
------------------

The goal of the current study was to examine relations between development of hippocampal functional connectivity and episodic memory during early childhood. To achieve this goal, developmental differences in functional connectivity of the hippocampus during rest were examined in 4- and 6-year-old children and relations between connectivity and episodic memory ability were assessed. Based on previous literature in adults (e.g., [@bib0170], [@bib0205]) and children ([@bib0250], see also [@bib0070]), suggesting functional specialization along the longitudinal axis of the hippocampus, both anterior and posterior hippocampal seeds were utilized. As reviewed above, although posterior regions appear to play a greater role in episodic memory in adults, there is evidence of anterior regions playing a more significant role in young children. Given that 4--6 years is a key transition period in episodic memory development, relations between both seeds as well as possible differential relations with age were investigated. Finally, given that development involves both progressive and regressive events (e.g., both segregation and integration of connections spanning the entire brain, e.g., [@bib0300]) we probed whether any observed differences between the age groups fell "within" the anterior and posterior hippocampal memory networks or "outside" these networks.

2. Methods {#sec0025}
==========

This study was approved by the University\'s Institutional Review Board prior to data collection. Written informed consent was obtained from guardians of all participants. Children visited the laboratory for 3 different sessions as part of a larger study, which included behavioral assessments of memory, executive function, general cognitive abilities (Kaufman Brief Intelligence test, KBIT, ([@bib0165])) and theory of mind, training in a mock scanner, and structural and functional MRI scans. Only data from the episodic memory assessment, KBIT, and MRI scans are included in this report (see [@bib0250] for relations between memory and hippocampal structure in children from this study).

2.1. Participants {#sec0030}
-----------------

A total of 75 4- (*n* = 36, 22 female, 14 male) and 6- (*n* = 39, 23 female, 16 male) year-old children participated in this study. All children were full-term, native English speakers, free of neurological damage, and had no history of developmental disorders, as determined by a parent-report questionnaire. A total of 52 children contributed memory data (29 4-year-old, 23 6-year-old children) and, of these, 40 also contributed useable fMRI data (21 4-year-old, 19 6-year-old children, see [Table 1](#tbl0005){ref-type="table"}). Reasons for attrition are as follows: 4 children withdrew from the study, 3 were determined to be ineligible after enrollment (i.e., due to a history of seizures, behavioral problems, or limited knowledge of English), 4 did not successfully complete the MRI scan, 8 had excessive head motion during the MRI scan (i.e., \>15% volumes were scrubbed), and 16 were not administered the memory assessment that is the focus of this paper.Table 1Participant characteristics for children (*n* = 40) who contributed both fMRI and behavioral data.Characteristic4-year-olds (*n* = 21)6-year-olds (*n* = 19)Group differencesAge (years)4.516.48*t*(38) = −20.88, *p* \< .001Gender (male %)33.326.3*χ*^2^(1, 40) = 0.23, *p* = .63IQ (mean, SD)113 (11.40)116 (14.14)*t*(38) = −.797, *p* = .43  *Motion* Scrubbed scans (mean, SD)5.05 (5.58)4.74 (6.44)*t*(38) = .16, *p* = .87 Mean FD (mean, SD)0.19 (0.09)0.20 (0.12)*t*(38) = −.23, *p* = .82

2.2. Memory task {#sec0035}
----------------

Episodic memory ability was examined using a source memory paradigm. In this paradigm, children were shown 36 items (commercially available toys) in one of two different locations (see [@bib0245], [@bib0250] for similar paradigm). Locations were two rooms designed to be child-friendly and engaging (e.g., contained a stuffed "character" that resided in the room) and significant features of each room were made salient when the child entered the room (e.g., children unrolled the rug and placed it on the floor). In each room, children were first shown each item and allowed to interact with it in order to gain their attention and interest. Following this "baseline" assessment, the experimenter modeled one of three novel actions on each item (i.e., hug it, put it on your head, beat on it like a drum) and instructed the child to imitate the action. All items in location 1 were shown before the child moved to location 2. Each action was presented an equal number of times in each room. Location and item set order were counterbalanced between participants and items within sets were randomly presented, with the restriction that no more than two items with the same action were presented in a row.

After a delay of approximately 1 h, children were presented with the 36 target items seen during encoding and 18 novel items. Items were presented one at a time and the children were first asked to make old/new judgments. For items identified as "old", children were also asked what action was paired with the item during encoding and which location they encountered it in. Experimenters recorded the action performed by the child and the location in which they placed the item during the session. Following the session, both action and location responses were assessed for accuracy. Consistent with the theoretical perspective that episodic memory consists of memory for both the item and the multiple types of details associated with it, items for which both the action and location details were correctly recalled served as the dependent measure of episodic memory. For items identified as "new" children were asked to place the item into a "new item" bin. In addition to age-appropriate instructions, five training trials were administered to ensure all children understood the task at encoding and retrieval. To ensure any observed effects were not the result of the items themselves, all 54 possible items were randomly divided into 6 sets of 9 items and then counterbalanced across conditions (i.e., location 1, location 2, and new).

Due to skewed distributions related to high performance on the recognition memory portion of the task, nonparametric Mann--Whitney *U* tests were used to examine differences in performance between 4- and 6-year-old children, on (1) recognition of old stimuli, (2) correct rejection of new stimuli, (3) *d*′ (sensitivity index). Between-sample *t*-tests were used to test group differences on the measure of episodic memory (i.e., recall of contextual details, which included both the location in which the old item was originally encountered and the action associated with it), which was more normally distributed (i.e., Kolmogorov--Smirnov *p* = 0.20).

The average delay between the episodic memory assessment and the MRI scan for the whole sample was 10 days (SD = 6 days, range = 1--25 days), which did not differ between the age groups, *p* = .22. (A similar pattern was observed for the subsample that contributed useable memory and fMRI data; *n* = 40, mean delay = 9 days, SD = 6 days, range = 1--25 days, *p* = .62.)

2.3. MRI data acquisition and preprocessing {#sec0040}
-------------------------------------------

All participants completed training in a mock scanner before MR data acquisition in order to become acclimated to the scanner environment and receive motion feedback. Participants were scanned in a Siemens 3.0-T scanner (MAGNETOM Trio Tim System, Siemens Medical Solutions, Erlangen, Germany) using a 12-channel coil. fMRI data were collected using an echo-planner imaging (EPI) sequence 180 EPI volumes consisting of 36 oblique interleaved slices with a 3.0 mm × 3.0 mm × 3.0 mm voxel size; 2 s TR; 24 ms TE; 3 mm slice thickness; 90° flip angle; 64 × 64 pixel matrix. The scan lasted for 6:06 min. Participants were asked to stay still and relax in the scanner while watching abstract objects (much like a screen saver) presented on a screen. During pilot testing, this manipulation proved to be effective in keeping young children still, yet remained devoid of any overt task instructions and yielded highly similar hippocampal maps compared to traditional fixation resting-state scans in a sample of young adults (see Supplemetary Material, Fig. S2; [@bib0095], [@bib0130], [@bib0305] for a similar approach). Structural data were collected using a high-resolution T1 magnetization-prepared rapid gradient-echo (MPRAGE) sequence consisting of 176 contiguous sagittal slices (1.0 mm × 1.0 mm × 1.0 mm voxel dimensions; 1900 ms TR; 2.52 ms TE; 900 ms inversion time; 9° flip angle; pixel matrix = 256 × 256). Functional and structural images were acquired in the same session.

Data were preprocessed using the Data Processing Assistant for Resting-state fMRI Advanced Edition (DPARSF-A, version 3.1) toolbox ([@bib0055]). The first 5 volumes of resting-state fMRI data were discarded from the analysis for each subject. The following steps were carried out in the preprocessing procedure: slice timing correction, head motion corrections, detrending, regression of nuisance variances, band-pass filtering (0.01--0.1 Hz), normalization, and smoothing (Gaussian kernel FWHM = 5 mm). The T1 image was segmented using the New Segment method implemented in SPM8. A child template was created by the Template-O-Matic toolbox ([@bib0335]) and used in the New Segment procedure. DARTEL method was used to normalize the functional data from original space to MNI space. The nuisance variables included Friston24-motion parameters ([@bib0120]), the first five PCA components of white matter and CSF signal, and a binary dummy variable representing data points scrubbed based on head motion (Framewise Displacement (FD) \> 0.7 mm, see [@bib0210]). Specifically, we "scrubbed" our data using the cut option in the DPARSF-A toolbox, which excluded time points in which frame displacement was 0.7 mm or greater as well as the time point before and after these points. There was no relation between motion (i.e., mean FD) and performance on the memory task, *p* = 0.33, nor with age, *p* = .55, see [Fig. 1](#fig0005){ref-type="fig"}. There were no differences in mean FD between the age groups (see [Table 1](#tbl0005){ref-type="table"}, *p* = .82).Fig. 1No significant relations were observed between motion (i.e., mean FD) and (A) performance on the episodic memory task (i.e., recall of contextual details), *p* = 0.33, nor (B) with age, *p* = .55.

2.4. Statistical analysis of fMRI data {#sec0045}
--------------------------------------

In order to compute whole brain resting-state functional connectivity maps, two seed regions, bilateral anterior and bilateral posterior hippocampus, were generated by hand-tracing the hippocampus using anatomical landmarks on the left and right hemispheres of a pediatric template ([@bib0110]) and resampling to functional resolution (3 mm^3^, see Fig. S1). The division between anterior and posterior hippocampus was determined based on the uncal apex, a standard and reliable anatomical landmark ([@bib0330]). After preprocessing (see above), the average time courses from voxels within each seed region were extracted as reference signals (i.e., regressors). Correlation coefficients between the time courses from each seed region and time courses from a single voxel were calculated for every voxel in the brain. These correlation coefficients were then transformed with Fisher\'s *r*-to-*z* formula (*z* = 0.5\*log((1 + r)/(1 − r))), yielding 2 *z*-maps (anterior and posterior) for second-level statistical analysis. One-sample *t*-tests were calculated on the *z*-map from each seed to detect anterior and posterior hippocampal memory networks in each age group using SPM. Additionally, in order to examine differences between the age groups and seed regions in functional connectivity, one group level linear mixed effects (LME) model was performed on the z-maps using 3dLME command within AFNI ([@bib0060]). The motion parameters, Age Group (4-year-old vs 6-year-old), Seed Location (anterior vs posterior) and Age Group-by-Seed Location interaction were included in the LME model on the z-maps. For the regions showing interactions, post hoc *t*-tests in SPSS were used to examine the directionality of these effects on the average coefficients extracted from these regions.

In order to examine relations between episodic memory performance and connectivity, a whole-brain multiple regression model in SPM was used to examine the relation between episodic memory scores (i.e., proportion of items for which both the action and location details were correctly recalled) and resting-state functional connectivity imputed using the two hippocampal seed regions (anterior and posterior, separately). This model included Age Group, Episodic Memory Performance, and the Age Group-by-Episodic Memory Performance interaction as independent variables while controlling for motion (mean FD) and IQ, in order to ensure any observed effects were not due to differences in motion or general intelligence. For regions showing interactions, the relation between memory performance and functional connectivity was examined in each group separately with and without continuous age as a covariate.

Finally, to determine if any observed interactions (without age as a covariate) were due to age-related differences in relations between episodic memory performance and connectivity "within" or "outside" the anterior and posterior hippocampal memory networks, results from the analyses described above (i.e., regions showing Age Group-by-Episodic Memory Performance interactions with mean FD and IQ as covariates) were then masked using the anterior or posterior hippocampal memory network maps as appropriate. Regions that remained after the masks were applied and the peak activation of the cluster fell clearly within the mask are referred to as falling "within" the anterior/posterior hippocampal memory network. Regions that were no longer apparent after the masks were applied are referred to as regions "outside" the anterior/posterior hippocampal memory networks.

Monte Carlo simulations were carried out using 3dClustSim in AFNI to determine the minimum cluster size and threshold in order to maintain an overall alpha at *p* \< .05. Based on the simulation results, only clusters with a minimum of 79 voxels size and *p*~uncorrected~ \< .01 were viewed as significant with multiple comparison correction (*p*~corrected~ \< 0.05). All figures used the 4.5--8.5 year MNI Child Template (from [@bib0110]) as the underlay.

3. Results {#sec0050}
==========

3.1. Memory performance {#sec0055}
-----------------------

Results revealed that there was no difference between 4- and 6-year-old children\'s ability to recognize stimuli as old. However, consistent with previous literature (e.g., [@bib0015]; [@bib0080]; [@bib0245], [@bib0250], [@bib0280]), 4-year-old children were marginally less able to correctly reject new stimuli and recalled fewer contextual details[1](#fn0005){ref-type="fn"} compared to 6-year-old children (see [Table 2](#tbl0010){ref-type="table"}).Table 2Average behavioral performance for all 4- and 6-year-old children who contributed behavioral data for the episodic memory task (*n* = 52).4 year olds (*n* = 29)6 year olds (*n* = 23)Group differenceMeanSDMeanSDHits96.54%9.0799.88%0.58*p* = .23Correct rejections92.16%21.4498.79%5.79*p* = .09*d*′3.981.534.560.37*p* = 0.08Contextual details42.45%12.5149.55%15.11*t*(1, 50) = 1.86, *p* = .07

3.2. Whole brain connectivity {#sec0060}
-----------------------------

Whole brain connectivity maps for each age group (4 and 6 years) and seed region (anterior, posterior) are illustrated in [Fig. 2](#fig0010){ref-type="fig"} and listed in [Table 3](#tbl0015){ref-type="table"}. These maps illustrate significant positive functional connectivity between the anterior hippocampus and multiple regions of the brain, including lateral temporal cortex and temporal poles, which have been shown in previous research in older individuals ([@bib0170], [@bib0205]). For the posterior hippocampus, significant positive functional connectivity was also observed with a widespread set of brain regions, including posterior cingulate, precuneus, and multiple posterior parietal and prefrontal regions ([@bib0170], [@bib0205]). Given the focus on memory in this investigation, in the following sections, these maps are referred to as the "anterior/posterior hippocampal memory network" maps.Fig. 2Whole brain functional connectivity maps with bilateral hippocampal seeds for each age group (4- or 6-year-old) and seed location (anterior or posterior, *p* \< .05 corrected, *z* = 33). Analyses indicated no significant differences or interactions between the age groups, however, multiple regions show differences between seed region location (see text and [Table 3](#tbl0015){ref-type="table"}). These maps are referred to in the text as the anterior hippocampal memory network and posterior hippocampal network map, respectively.Table 3Peak coordinates (MNI) of regions showing significant functional connectivity for both anterior and posterior seed locations (*p* \< .05 corrected, *z* = 33).Structure*kxyzt***Anterior hippocampus** *Left hippocampus*36,181−21−15−1839.79 Right hippocampus Calcarine/precuneus Medial frontal gyrus Midbrain Ventral striatum Right middle temporal gyrus Bilateral fusiform Anterior and posterior cingulate cortex Inferior frontal gyrus Thalamus Amygdala Left middle temporal gyrus Cerebellum posterior lobe  **Posterior hippocampus** *Right parahippocampal gyrus*33,17627−24−1535.73 Left parahippocampal gyrus Hippocampus Thalamus Lingual/calcarine/precuneus Anterior and posterior cingulate Orbital medial frontal gyrus Ventral striatum Fusiform Amygdala Cuneus Midbrain

The LME model revealed main effects of seed location in 12 regions between the anterior and posterior hippocampal connectivity maps. Eight of these regions showed greater connectivity with anterior than posterior hippocampus, whereas the other 4 regions showed the opposite pattern, see [Table 4](#tbl0020){ref-type="table"}. However, this model did not reveal any significant differences between the age groups or significant interactions between age group and seed region.Table 4Regions from LME analyses showing significant differential connectivity between anterior vs posterior hippocampal seed regions.*k*MNI coordinatesPeak *F* value*xyz***Regions showing greater connectivity with anterior vs posterior hippocampus***Right postcentral gyrus*2856−30276650.12 Left superior frontal gyrus Bilateral precentral gyrus Bilateral SMA Bilateral paracentral lobule*Right anterior parahippocampal gyrus*1672−2418−27100 Right uncus*Left middle temporal gyrus*3976633−929.42*Left precuneus*258054925.86 Left cingulate gyrus Left posterior cingulate*Right anterior cingulate cortex*152−6−272132.23*Left angular gyrus*14545603016.75*Left postcentral gyrus*9054124218.43*Right inferior frontal gyrus*84−57−33−652.65  **Regions showing greater connectivity with posterior vs anterior hippocampus***Right posterior parahippocampus gyrus*1702−3339−12100 Right caudate Right middle occipital gyrus*Left posterior parahippocampal gyrus*7153039−9100 Left fusiform gyrus Left caudate*Right angular gyrus*107−54632721.92*Right putamen*98−27−24320.24

3.3. Relations between whole-brain connectivity and episodic memory performance {#sec0065}
-------------------------------------------------------------------------------

Given previous literature and significant differences in connectivity between anterior and posterior seeds, relations between these seed locations and episodic memory performance (i.e., proportion of items for which both the action and location details were correctly recalled) were examined separately. Including continuous age as a covariate in the LME analyses did not significantly change any results, thus only the results without continuous age as a covariate are reported.

For the anterior hippocampal seed, episodic memory was found to be negatively related to connectivity in both 4- and 6-year-old children in two regions, including precuneus and ventral medial prefrontal cortex (VMPFC) (see Fig. S3A). These effects were qualified by significant interactions between age group (4 vs 6) and episodic memory, which were observed in 5 regions. As described above, after identifying these regions, we then applied masks generated from the anterior hippocampal connectivity map in order to determine if they were "within" or "outside" the anterior hippocampal memory network. Results showed that 2 regions showing significant interactions fell 'within' the anterior hippocampal memory network map, namely the precuneus and right superior frontal gyrus (SFG), see [Table 5](#tbl0025){ref-type="table"}/[Fig. 3](#fig0015){ref-type="fig"}A. In both these regions, episodic memory was positively related to functional connectivity in 6-year-olds, but negatively related in 4-year-olds ([Fig. 3](#fig0015){ref-type="fig"}A). Specifically, increased connectivity from anterior hippocampus to right SFG and precuneus was associated with better episodic memory performance in 6-year-old children, whereas in 4-year-old children increased connectivity was related to worse episodic memory performance. The remaining 3 regions fell 'outside' the anterior hippocampus memory network, which included left middle temporal gyrus (MTG), right MTG, and right inferior frontal gyrus (IFG), see [Table 5](#tbl0025){ref-type="table"}/[Fig. 4](#fig0020){ref-type="fig"}. These regions showed the opposite pattern compared to regions within the anterior hippocampal memory network, such that episodic memory was negatively related to functional connectivity in 6-year olds, but positively related in 4-year olds ([Fig. 4](#fig0020){ref-type="fig"}). Specifically, increased connectivity from anterior hippocampus to left and right MTG and right IFG were associated with worse episodic memory performance in older children, but with better episodic memory performance in younger children.Table 5Regions showing *different* relations between functional connectivity and episodic memory performance (i.e., recall of contextual details) between 4- and 6-year-old children for anterior and posterior hippocampal seed regions.SeedRegion(s)Hemisphere*k*MNI coordinatesPeak *t* valueInteraction[a](#tblfn0005){ref-type="table-fn"}*xyzRegions "within" the hippocampal memory networks*Anterior hippocampal networkPrecuneusLeft/Right1703−63183.846+/4−Superior frontal gyrusRight812127574.116+/4−Posterior hippocampal networkSuperior temporal gyrusRight95456−214.486+/4−Middle temporal gyrusRight19357−48−12−4.666−/4+  *Regions "outside" the hippocampal memory networks*Anterior hippocampal networkMiddle temporal gyrusLeft100−57−630−4.436−/4+Middle temporal gyrusRight18860−51−12−3.756−/4+Inferior frontal gyrusRight102572127−4.216−/4+[^1]Fig. 3Regions "within" the hippocampal memory networks showing significant interactions between age group and episodic memory performance in predicting whole brain connectivity when the (A) anterior and (B) posterior hippocampus seeds were used. SFG: superior frontal gyrus. MTG: middle temporal gyrus; IFG: inferior frontal gyrus. (A) Anterior hippocampal memory network. (B) Posterior hippocampal memory network.Fig. 4Regions "outside" the hippocampal memory networks showing significant interactions between age group and episodic memory performance in predicting whole brain connectivity when the anterior hippocampus seed was used. *Note*: No significant findings were observed for the posterior hippocampal seed. STG: superior temporal gyrus. MTG: middle temporal gyrus. Anterior hippocampal memory network.

For the posterior hippocampus seed, episodic memory in both 4- and 6-year-old children was found to be positively related to connectivity in right middle temporal gyrus (MTG) and negatively related to connectivity in VMPFC (see Fig. S3B). This effect was qualified by significant interactions between age group and episodic memory in 2 regions. As with the anterior hippocampal seed, we then applied a mask generated from the posterior hippocampal connectivity map to these results in order to determine if these regions were "within" or "outside" the posterior hippocampal memory network. Significant interactions between age group and memory for contextual details were observed in 2 regions 'within' the posterior hippocampal memory network map, including right superior temporal gyrus (STG) and right MTG, see [Table 5](#tbl0025){ref-type="table"}/[Fig. 3](#fig0015){ref-type="fig"}B. Similar to the two regions within the anterior hippocampal memory network, increased connectivity from posterior hippocampus to right STG was associated with better episodic memory performance in 6-year olds but worse episodic memory performance in 4-year olds. In contrast, connectivity from posterior hippocampus to right MTG was associated with worse episodic memory performance in older children, but better episodic memory performance in younger children. No significant interactions were observed 'outside' the posterior hippocampal memory network map.

4. Discussion {#sec0070}
=============

The current study sought to elucidate relations between functional development of the hippocampus and episodic memory during early childhood by examining developmental differences in correlations between functional connectivity of the hippocampus during rest and episodic memory ability outside of the scanner. First, results revealed that hippocampal resting-state functional connectivity (rs-fcMRI) was similar in 4- and 6-year-old children. Specifically, consistent with findings in adults, functional connectivity was observed between the hippocampus and many regions of the brain, including precuneus, posterior cingulate, retrosplenial cortex, bilateral inferior parietal regions, and medial prefrontal regions (see [@bib0310]), and this connectivity showed specialization along the longitudinal axis of the hippocampus as anterior and posterior regions showed significant differences in connectivity ([@bib0170], [@bib0205]). However, despite these similarities in overall hippocampal functional connectivity, developmental differences between 4- and 6-year-old children were observed in relations between connectivity and episodic memory ability in 7 different regions. Four of these regions fell "within" the hippocampal memory network and 3 fell "outside" the hippocampal memory network, suggesting both functional integration and segregation may be occurring during this period. Overall, these findings are consistent with an interactive specialization framework, which suggests that functionally relevant brain development during early childhood is not the result of the maturation of brain regions, but rather the organization (or re-organization) of patterns of connectivity between regions ([@bib0160]).

Specifically, *within* the anterior/posterior hippocampal memory networks, 3 of the 4 regions identified showed positive associations between functional connectivity and episodic memory ability in 6-year-old children. That is, increased connectivity between the anterior hippocampus and both the precuneus and right SFG and increased connectivity between the posterior hippocampus and STG was related to better memory performance. This pattern is similar to previous findings in adults ([@bib0315], [@bib0320]), which show that greater functional connectivity between the hippocampus and multiple regions within the hippocampal memory network (including the precuneus) is related to better performance on memory tasks. It is also consistent with research in adults suggesting that, during rest, individuals engage many of these regions (i.e., posterior cingulate, medial PFC, bilateral parietal cortex) during rest to, among other things, recall or reminisce about past experiences ([@bib0035]). Finally, it is consistent with the previous structural MRI study in early childhood, which showed relations between volume of anterior hippocampus and episodic memory in 6-year-old children ([@bib0250]).

In contrast, in 4-year-old children, connectivity between these regions within the anterior/posterior hippocampal memory networks were *negatively* related to memory performance. The reason for this developmental difference is not clear. However it may be that earlier reliance on a more "mature" network may not *yet* be advantageous for behavioral performance. We return to this point below. But first, it is worth discussing 4-year-old children\'s performance on the task. Although these younger children recalled fewer details on the episodic memory task compared to 6-year-old children, their performance was still above chance levels. This finding is consistent with previous behavioral research suggesting that 4-year-old children can remember certain aspects of events, but that these details are recalled much less reliably than in older children ([@bib0015]; [@bib0080]; [@bib0245], [@bib0250], [@bib0280]). As such, a commonly asked question is, how are 4-year olds accomplishing this task, and is it in a manner that differs from that in older children? One possibility is that 4-year-olds are engaging a different network(s) or set of regions to accomplish the same behavioral task. Such a dissociation has been shown previously in memory research in nonhuman primates. For example, focal lesions to the hippocampus impair recognition memory in adults but do *not* impact performance in infant monkeys (cf. [@bib0350], [@bib0345]) suggesting use of different regions at different developmental periods. To explore this possibility we examined whether younger children were utilizing regions "outside" the anterior/posterior hippocampal memory networks ([@bib0160], [@bib0300], [@bib0325]). Results revealed 3 regions that showed positive associations between anterior hippocampal functional connectivity and episodic memory performance in 4-year-old children, namely bilateral MTG and IFG. Thus, data from the present study suggest it may be that younger children were relying more on regions "outside" the memory network to complete the episodic memory task. This finding is consistent with research in children in other cognitive domains, which suggest that younger individuals recruit a more distributed set of regions early in development and that more focal activation patterns or localized functions emerge over time (e.g., [@bib0085]). It is possible that, as children develop, reliance on regions "outside" the mature hippocampal memory network becomes detrimental to memory performance.

If it is indeed the case that young children rely on a different set or subset of brain regions to perform episodic memory tasks then it is possible that negative correlations between connectivity and memory performance in the 4-year-old age group arise because some of these children are transitioning from reliance on these regions to reliance on the more mature/canonical memory networks. This transitional phase may result in an initial decrement in performance that is subsequently followed by an increase (see [@bib0275] for similar description of change in the behavioral domain). An analogy that might make this more clear comes from behavioral learning of strategies, such as learning how to type. One can learn to be a fairly fast typist by using the "hunt and peck" index fingers only strategy. However, when one then learns the proper technique (i.e., using all fingers, home row, etc.) they experience an initial decrement in performance (i.e., slower typing speed) before experiencing an increase in typing speed that, eventually, exceeds the speed of the old, less mature method. A similar situation could be occurring at the neural level if 4-year-olds are transitioning from reliance on a distributed set of unspecialized regions to the more "mature" hippocampal memory network. There is some evidence to support this notion, namely that, with age, children come to rely more heavily on strategic cognitive control processes and prefrontal regions during both the encoding and retrieval of memories (see [@bib0270] for elaboration).

Although the "within" vs "outside" network approach is useful in showing how the field can move beyond strictly maturational arguments, this dichotomy is likely too simplistic to capture the complex interactions taking place in the developing brain (e.g., [@bib0200]). This may be why one region *within* the posterior hippocampal memory network in the present study (i.e., right MTG), showed the opposite pattern than the other 3 regions, namely positive relations between connectivity and episodic memory performance in 4-year-old children and negative relations in 6-year-old children. Thus, future research should strive to build on the present work yet move beyond this dichotomized characterization and examine functional organization in increasingly complex ways (e.g., [@bib0295]). However, the results presented here are an essential "first step" in this process and will be useful for identifying regions of interest that can be used in future studies.

The present findings are consistent with previous research in both developmental psychology and cognitive neuroscience. First, in terms of episodic memory performance, 4-year-old children were less likely than 6 year olds to recall contextual details associated with items, which is similar to previous research ([@bib0015]; [@bib0080]; [@bib0245], [@bib0250], [@bib0280]). However, it should be noted that the magnitude of this effect was smaller in the present study than in previous reports. This is likely due to the fact that the delay between encoding and retrieval was 1-h, compared to longer delays used in previous work (e.g., 1--2 days or 1-week). It is unclear from the present study if or how developmental differences in relations with functional connectivity would be affected if longer delays had been imposed. Second, in terms of whole brain measures of hippocampal functional connectivity, our findings are consistent with previous research in adults. Specifically, as with [@bib0310], the hippocampus showed significant connectivity with multiple, widespread regions, including the precuneus, parietal, and prefrontal cortical regions (cf. [Fig. 2](#fig0010){ref-type="fig"} in the present paper and [Fig. 2](#fig0010){ref-type="fig"} in [@bib0310]). We also observed significant differences between connectivity in anterior vs posterior hippocampal seeds, suggesting specialization along the longitudinal axis of the hippocampus is present during childhood. Similar to research in adults, the anterior hippocampus showed greater connectivity with temporal regions and the posterior hippocampus showed greater connectivity with occipital regions ([@bib0170], [@bib0205]). However, contrary to findings in adults, anterior hippocampus also showed greater connectivity with precuneus, anterior and posterior cingulate, and frontal cortex ([@bib0170], [@bib0205]). Thus, although functional specialization was present, the specifics differed from adults. These differences are likely due to prolonged developmental changes that occur beyond 6 years of age (see [@bib0025], [@bib0135]).

The present study has several notable strengths, including focus on a young age range during which a known developmental transition occurs in memory ability (i.e., 4--6 years). To achieve this, we related resting-state functional connectivity measures to performance on an episodic memory task outside the scanner. This approach allowed for the examination of relations between hippocampal function and behavior in young children. In addition, great attention was paid to quality control in terms of acquiring data with very minimal artifact from both age groups. This was also coupled with adhering to current recommendations for analysis, including those designed to address the influence of motion (e.g., scrubbing, [@bib0210]), 24 motion parameters ([@bib0120]) and multiple nuisance regressors (components from CSF and WM masks) to account for physiological noise (see [@bib0020]). Our analyses revealed there were no significant differences in motion between age groups and that motion was not correlated with either performance on the memory task nor age. Therefore, observed effects are likely not due to these nuisance variables.

Despite these strengths, there are also some limitations that should be noted. First, the present analyses only included a subset of children tested. Thus, results are conservative and can only be generalized to children similar to our sample who are able to undergo and complete fMRI testing. Second, given the sample size and distribution of gender within the age groups, differences between genders could not be addressed. This is an important direction for future research as previous research suggests a gender effect on hippocampal volume in children and adolescents (e.g., [@bib0145]). Third, although use of rs-fcMRI allowed for the examination of hippocampal function in young children, these findings would be strengthened if they were replicated using a traditional task-based fMRI paradigm in conjunction with resting-state analyses. Finally, longitudinal studies would be necessary to confirm that these differential relations between episodic memory performance and hippocampal connectivity between 4 and 6 years of age represent a developmental shift. Although challenging, efforts to collect task-based and longitudinal fMRI data from children as young as 4 years of age are underway in our lab.

This study is the first, to our knowledge, to address relations between functional development of the hippocampus and episodic memory during early childhood. Taken together, the present findings are consistent with an interactive specialization framework, which proposes that brain development is not a unidirectional maturational process, but rather results from complex and dynamic interactions between brain regions ([@bib0160]). Specifically, our results suggest that during early childhood the hippocampus becomes progressively (1) integrated with cortical regions that are part of the hippocampal memory network in adults and (2) segregated from regions unrelated to memory in adults, both of which result in age-related improvements in episodic memory ability. This pattern has also been observed in empirical studies examining anatomical connections between MTL and ITG early in life in macaques that then disappear by adulthood, which suggests that "extra" connections may be useful early in life but not later (e.g., [@bib0325]). This pattern is also supported by findings from other rs-fcMRI studies in developmental samples (see [@bib0300] for review). These results provide (1) initial insight into neuroanatomical correlates of developmental change in behavior during a relatively unexplored, yet critical, age window, (2) possible mechanisms underlying variability in episodic memory ability during early childhood, and (3) typical development of the structural and functional architecture of the brain network supporting memory. Data that speak to these issues are important as they not only increase our understanding of the development of brain networks supporting behavior, but also have strong relevance to public health as they can potentially be used to develop interventions targeting memory early in life when impact may be largest ([@bib0180], [@bib0220]). Finally, results from the present investigation fill a significant gap in the literature between what is known regarding memory processes early vs later in life, which is essential for a complete understanding of memory ability to be achieved.
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The pattern of findings was similar in the subset of children who contributed useable fMRI data (*n* = 40). However, due to decreases in power, differences were no longer marginal. However, the means were similar (e.g., memory for contextual details in 4-year-olds: *M* = 42.74%, *SD* = 11.87 and 6-year-olds: *M* = 47.52%, *SD* = 13.67, *p* = .24).

Supplementary data associated with this article can be found, in the online version, at [http://dx.doi.org/10.1016/j.dcn.2016.02.002](10.1016/j.dcn.2016.02.002){#intr0005}.

[^1]: 6+ represents positive correlation in 6-year-old group; 6− represents negative correlation in 6-year-old group; 4+ represents positive correlation in 4-year-old group; 4− represents negative correlation in 4-year-old group.
